The WRKY proteins constitute a large family of transcription factors in plants containing highly conserved WRKYGQK sequences and zinc-finger-like motifs. To comprehensively study WRKY III genes in cotton, we analyzed the genome sequences of Gossypium hirsutum, G. raimondii and G. arboreum. According to the three genome sequences, 18 group III GhWRKY genes were identified in G. hirsutum, 12 both in G. raimondii and G. arboreum. Phylogenetic and motif analysis showed that proteins with high similarities could be clustered together and had the same motif components. The ratios of non-synonymous (Ka) to synonymous (Ks) of the GhWRKY to GrWRKY or GaWRKY were lower than 1, which indicated that group III WRKY genes in Gossypium species are under purifying selection. Expression analysis revealed that group III GhWRKY genes expressed during fiber development and leaf senescence, and most of them could be induced by salicylic acid (SA), jasmonic acid (JA), ethylene, abscisic acid (ABA), mannitol, and NaCl both in roots and cotyledons. Our study gives a briefly introduction on cotton group III WRKY genes and implicates their potential function in cotton fiber development, leaf senescence and abiotic stresses.
bacteria, and the ever changing environmental conditions. Being sessile organisms, plants have developed specific defensive strategies or immune mechanisms to cope with these conditions during their long evolutionary process. These mechanisms involve complex networks and signal transduction, which depends on the transcription regulation of gene expression by transcription factors (TFs) (Herve et al. 2014) .
According to domain structures, TFs can be classified into different gene families such as NAC, WRKY, MYB, bZIP, and DREB (Shiono et al. 2014) . WRKYs are plant-specific TFs with diverse recently discovered biological functions in plant growth. According to the features of the sequences and their zinc-finger motifs, WRKY proteins can be classified into seven subgroups (Muthamilarasan et al. 2015) . Group I normally contains two WRKY motifs; the C-terminal has
Introduction
Plants are frequently faced with adverse environmental conditions including but not limited to insect pests, fungus, the DNA-binding activity and the N-terminal cannot bind to DNA alone. Group II contains IIa, IIb, IIc, IId, and IIe, which have only one WRKY motif, followed by a C 2 H 2 motif. Group III also contains one WRKY motif, and a C 2 HC-type zinc-finger motif.
OsWRKY74 (III) involved in tolerance to phosphate (Pi) starvation (Dai et al. 2015) . AtWRKY40 (II) and AtWRKY63 (III) modulated the expression of stress-responsive nuclear genes encoding mitochondrial and chloroplast proteins (Van Aken et al. 2013) . The overexpression lines of AtWRKY41 (III) exhibited enhanced resistance to Pseudomonas syringae infection, but increased susceptibility to Erwinia carotovora infection (Higashi et al. 2008) . The majority of group III AtWRKY genes could be induced by the pathogen infection and salicylic acid (SA) treatments suggesting group III AtWRKY genes play important roles in defense signaling pathways (Kalde et al. 2003) . According to comparative genomic analysis of the WRKY III gene family in Populus, grape, Arabidopsis, and rice, it is proved that certain WRKY III genes have a significant impact on disease and drought resistance . Group III WRKY genes function as one of the most advanced terms in plants adaptability and evolution (Zhang and Wang 2005) . Above all, WRKY III genes have significant functions in regulating plant development and resistance.
Cotton (Gossypium spp.) is one of the most important economic crops and plays a pivotal role in the textile industry.
To date, only a few GhWRKY genes have been functionalized in cotton. For example, GhWRKY3 (I) could be induced by SA, methyl-Jasmonate (MeJA), gibberellic acids (Gas), ethylene, pathogens Rhizoctonia solani, Colletotrichum gossypii and Fusarium oxysporum f. sp. vasinfectum . Overexpression of GhWRKY15 (IIb) in tobacco increased resistance to both viral and fungal infections . The overexpression of GhWRKY40 (IIa) in tobacco down-regulated most of the defense-related genes, enhanced wounding tolerance and increased susceptibility to R. solanacearum . In tobacco, compared with the wild-type, allogeneic transformation of GhWRKY11 (IId) resulted in enhanced resistance to Cucumber mosaic virus (CMV) which appeared to result from increasing the transcript levels of SA-associated genes (PR1 and NPR1) and decreasing H 2 O 2 accumulation (Sun et al. 2012) . The overexpression lines of GhWRKY39 (IId) positively regulated plant response against pathogen infection and salt stress through multiple signaling pathways in the reactive oxygen species (ROS) system .
There were only a few studies uncovered WRKY gene family in cotton. Cai et al. (2014) , first identified 120 Gr-WRKY genes in G. raimondii, and also pointed out that WRKY genes are important regulators of growth and development in cotton. Compared with previous work, Dou et al. (2014) cloned 102 WRKY genes from G. hirsutum and made a more clear phylogenetic analysis of WRKY genes in cotton species, revealed WRKY gene family expansion with increasing complexity of the plant. Ding et al. (2015) compared WRKY genes between G. raimondii and G. arboreum and revealed that cotton WRKY genes, especially subgroups I and II, have expanded through multiple whole genome duplications and tandem duplications. Fan et al. (2015) made a genome-wide analysis of WRKY gene family analysis in G. aridum, and elucidated their functions in salt tolerance. It is evident that there still no comprehensive analysis of group III WRKY genes in cotton with regard to fiber development, leaf senescence and abiotic stress.
In this study, we analyzed the phylogenetic relationships of group III WRKY proteins among G. raimondii, G. arboreum, G. hirsutum, and A. thaliana , and concluded that group III GhWRKY genes are under purifying selection. We analyzed nine group III GhWRKY genes expression levels at development process, including fiber development and leaf senescence, and under abiotic stresses, including SA, ethylene, abscisic acid (ABA), jasmonic acid (JA), mannitol, and NaCl both in cotyledons and roots. According to the phylogenetic analysis, selective pressure analysis and expression analysis, we highlighted that group III GhWRKY genes potentially participate in cotton fiber development, leaf senescence and respond to abiotic stress.
Materials and methods

Data resource
Group III members of A. thaliana were downloaded from The Arabidopsis Information Resource (TAIR) (http://www. arabidopsis.org); genome sequences of G. raimondii were identified in the genomics genetics and breeding resource for cotton database (CottonGen; http://www.cottongen. org); G. arboreum sequences were downloaded from the cotton genome project (CGP; http://cgp.genomics.org.cn/ page/species/download.jsp); and sequences of G. hirsutum were also downloaded from CGP. We used AtWRKY amino acids sequences as query sequences search against G. raimondii, G. arboreum and G. hirsutum genome protein sequences by local blast, the progress was limited with the E-value lower than 0.001 (Ma J et al. 2014) . To further verify the result of local blast, we downloaded the software hmmer3.0_windows (http://hmmer.janelia.org/) and the Hidden Markov model (HMM) profile for the WRKY domain (PF03106) of WRKY.hmm from the Pfam database (Pfam; http://pfam.janelia.org). HMM search was performed against the genome protein sequences of G. raimondii, Garboreum and G. hirsutum. We applied the WRKY.hmm as a query to identify WRKY proteins in G. raimondii, G. arboreum and G. hirsutum genome sequences according to the methods described previously . All of the retrieved sequences were manually checked one by one according to the WRKY domain structure features (Eulgem et al. 2000) .
Sequence analysis
We used circular genome data visualization software (CIRCOS) to visualize GhWRKY, GrWRKY and GaWRKY locations on putative chromosomes and their paralogous relationship (Krzywinski et al. 2009 ). Multiple alignments of the full-length amino acid sequences of WRKY proteins were performed by Clustal X2 and the phylogenetic tree was constructed using MEGA 5.0 (Tamura et al. 2011 ) by the neighbor-joining (NJ) method (Wei et al. 2012) . The conserved motifs in the WRKY proteins were analyzed by multiple Em for motif elicitation (MEME; http://meme.nbcr. net/meme/cgi-bin/meme.cgi) online software . The conserved motifs and phylogenetic tree were combined using iTOL (http://itol.embl.de/).
To characterize the selective pressures among group III GrWRKYs, GaWRKY and GhWRKY genes were assessed using the Ka/Ks ratio with the DnaSP software (Librado and Rozas 2009 ).
Plant materials, growth conditions and stress assays
To evaluate the gene expression patterns during leaf senescence process, cotyledons of short-season G. hirsutum cultivars CCRI10 (premature senescence) and Liao 4086 (without premature senescence) (Song et al. 2014b ) were harvested weekly from the cotyledon flattening period until the cotyledons turned completely yellow, in a controlled environment without biotic or abiotic stress. The senescence process was monitored by measuring chlorophyll content after 80% acetone solvent extraction (Duan et al. 2014) . To analyze gene expression patterns during fiber development, we collected fibers at 0, 5, 10, 15, 20, and 25 days post anthesis (DPA), as previously described (Singh et al. 2009 ).
For abiotic stress treatment, seeds of cultivar Liao 4086 were sterilized, germinated on 1/2 Murashige and Skoog (MS) medium and then the seedlings transferred onto the corresponding stress medium in incubation bottles each with 5 uniform seedlings with three repeats. For ABA treatment, seedlings were kept in 1/2 MS+50 μmol L -1 ABA, pH 5.8 for 10 d. For drought stress, seedlings were treated with 200 mmol L -1 mannitol, pH 5.8 and 25°C for 10 d. For salinity, seedlings were treated with 200 mmol L -1 NaCl, pH 5.8, and 25°C for 10 d. For SA stress, seedlings were treated with 100 µmol L -1 SA (Sigma, USA), pH 5.8 and 25°C for 10 d. For JA stress, seedlings were treated with 100 µmol L -1 JA (Sigma, USA), pH 5.8 and 25°C for 10 d. For ethylene stress, seedlings were treated with 200 µmol L -1 ethephon, pH 5.8, and 25°C for 10 d (Zhu et al. 2013) . The cotyledons and roots of control and stressed plants were used for RNA extracting and subsequent quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) experiments.
RNA isolation, cDNA synthesis and qRT-PCR preparation
Total RNA was extracted from plant tissues using an RNAprep Pure Plant Kit (Tiangen, China), which is specific for polysaccharides and polyphenolic-rich plants. The firststrand cDNA synthesis was performed on 2 μg of total RNA, using a First Strand cDNA Synthesis Kit (Toyobo, Japan), according to the manufacturer protocol. The synthesized cDNA samples were diluted 10-fold before being used as cDNA template in qRT-PCR.
The qRT-PCR reactions were carried out using GoTaq ® qPCR Master SYBR GreenN I Mix (PROMEGA, USA) on an ABI7500 Real Time PCR System (Applied Biosystems, USA) with three technical repeats. For each reaction volume is 20 μL, we used 10 µL 2× SYBR Green I Master Mix, 7.2 µL of distilled H 2 O, 0.8 µL of primers (with final concentration 0.4 μmol L -1 ), and 2 µL of cDNA template. Amplification reactions were initiated with a pre-denaturing step (95°C, 10 min), followed by denaturing (95°C, 10 s), annealing (60°C, 30 s) and extension (72°C, 30 s) for 40 cycles. Threshold cycles (Ct) values of all the genes were normalized to the internal reference gene, a house-keeping gene GhACT1 (Zhu et al. 2011) . The relative gene expression fold-changes were calculated by the 2 −ΔΔCt method (Livak and Schmittgen 2001) . The expression data were adjusted according to primer efficiencies (Martha et al. 2014) . For qRT-PCR, primers were designed according to the complete CDS sequences of all genes using OLIGO7; the primers and efficiencies, R 2 (correlation coefficient) and PCR product length are shown in Appendix A.
Statistics analysis
All the data were performed by one-way ANOVA test by SPSS 17.0, P<0.05 was considered a statistically significant difference, P<0.01 was considered a extremely significant difference.
Results
Identification of WRKY genes in G. raimondii, G. arboreum and G. hirsutum
According to the result of blast and HMMER search, we retrieved all the candidate WRKY proteins and used to do alignment. Proteins clustered with group III AtWRKY were considered as group III WRKY proteins, and 12 group III WRKY genes both in G. raimondii and G. arboretum were retrieved. Besides, we retrieved 157 GhWRKY proteins in G. hirsutum (Appendix B), and 18 of them belong to group III. Based on these 18 GhWRKY sequences, we used the National Center for Biotechnology Information (NCBI) nucleotide collection (nr) database to search group III Gh-WRKY genes. Twelve of the 18 GhWRKY genes have been assigned accession numbers (Appendix C).
Phylogenetic analysis of the WRKY proteins in G. hirsutum, G. raimondii, G. arboreum, and Arabidopsis thaliana
Homologous genes sometimes share similar functions. As a model plant, most genes of A. thaliana have been functionally characterized. Thus it is informative to perform phylogenetic analysis among AtWRKY, GaWRKY, GrWRKY, and GhWRKY proteins. Multiple sequence alignments were performed using full-length amino acid sequences and the results were used to generate a phylogenetic tree ( Fig. 1 ) using the NJ method (Wei et al. 2012) in MEGA 5.0 (Tamura et al. 2011) .
According to the phylogenetic tree, six motifs were mainly retieveed and homologous proteins with the same motif components could be preferentially clustered together (Fig. 2 ) coinciding with previous work (Song et al. 2014a ). This phylogenetic tree mainly contained two branches; one has four motifs and the other has 6 motifs. As expected, most closely related members had the same motif composition; thus, the protein products of homologous genes may have similar functions. In the phylogenetic tree, 17 GhWRKY proteins correspond to GrWRKY or GaWRKY proteins with 8 GhWRKY proteins correspond to GaWRKY and 9 GhWRKY proteins correspond to GrWRKY, which clustered together forming smaller branches. This suggested that G. hirsutum has paralogous genes with G. raimondii and G. arboreum, and preference paralogs existed in the three species.
According to the phylogenetic tree ( Fig. 1) , 17 gene pairs were formed between GhWRKY genes and their corresponding GrWRKY or GaWRKY genes. The physical location of the 17 gene pairs on putative chromosomes was visualized by a circle map (Fig. 3 ). Seventeen group III GhWRKY genes randomly located on 10 chromosomes, nine homologous GrWRKY genes distributed on 7 G. raimondii chromosomes and 8 homologous GaWRKY genes mapped on 5 G. arboreum chromosomes. We also performed sequence alignment to determine the sequence similarities of the 17 GhWRKY genes with their homologous GrWRKY or GaWRKY, respectively. The similarities of the homologous nucleotide sequences of GrWRKY and GhWRKY ranged from 94.01 to 99.72% and from 95.87 to 99.89% between GaWRKY and GhWRKY (Appendix C).
Synonymous substitution and non-synonymous substitution analysis
To characterize the evolutionary selective pressure patterns of group III WRKY genes among G. raimondii, G. arboreum and G. hirsutum, we calculated the Ka, Ks and Ka/Ks among the Gossypium species. The values of Ka, Ks and Ka/Ks of the 17 gene pairs of GhWRKY with GaWRKY or GrWRKY are lower than 1 (Fig. 4) . The Ks values were lower than 0.04, and all of K a were lower than their Ks; all the Ka/Ks ratios were lower than 1, indicating that all 17 pairs of group III WRKY genes of G. hirsutum with G. raimondii or G. arboreum were under purifying selection ( Fig. 4 ; Appendix D).
Expression analysis
Expression patterns during fiber developmental stages To discover the functions of group III GhWRKY genes in cotton development, according to the expression abundance of expressed sequence tags (EST) in NCBI, we selected 9 GhWRKY genes (including GhWRKY5, 7, 27, 31, 50, 56, 59, 60, and 102) with higher expression abundance and analyzed their expression patterns during fiber development at 0, 5, 10, 15, 20 and 25 DPA. As shown in Fig. 5 , two kinds of expression patterns were observed: the first group contained GhWRKY5, 27, 31, 56, 59, 102 and exhibited relatively high expression levels at 20 and 25 DPA; the second group included GhWRKY7, 50 and 60 showed relatively high expression levels at 0, 20 and 25 DPA. According to Hu et al. (2013) , anthesis development at 5 DPA represents primary wall synthesis, 10 DPA is the elongation stage, the transition is at 20 DPA, and 25 DPA represents secondary cell wall synthesis. Thus, the GhWRKY genes of the first group may have important roles in transition from elongation to the secondary cell wall synthesis and regulating the secondary cell wall synthesis. The second group may participate in regulating the primary and secondary cell wall synthesis. Primary wall formation affects the tensile strength of the fiber, which is weak if it is only composed of primary cell wall. Thus, group III GhWRKY genes play very important roles in regulating cotton fiber development.
Expression of GhWRKY genes during leaf senescence in cotton
To evaluate the progression of natural leaf senescence, cotyledons were harvested once a week from the cotyledon flattening stage until complete yellowing. The chlorophyll content of both CCRI10 and Liao 4086 decreased at the aging process, and chlorophyll content of CCRI10 decreased more quickly than Liao 4086 (Appendix E).
In Fig. 6 , the expression level of GhWRKY7, 31, 50 and 102 increased with the process of natural leaf senescence process. GhWRKY31 and 102 had relatively higher expression levels in CCRI10 than in Liao 4086 which suggested that these two genes have different expression levels between premature senescence cultivar and non-premature senescence cultivar. GhWRKY27, 56, 59, and 60 were down-regulated during leaf senescence progression. Both GhWRKY56 and 59 down-regulated during cotyledon senescence process, GhWRKY56 has higher expression level in CCRI10 while GhWRKY59 has higher expression level in Liao 4086. GhWRKY5 showed irregular high ex- pression levels during cotyledons senescence process; thus, this gene may not participate in senescence process of cotyledons. Group III GhWRKY expression patterns under abiotic stresses To assist the comparison of gene expression patterns in abiotic stresses, e.g., SA, JA, ABA, mannitol, and high NaCl stresses between cotyledons and roots, we summarized their relative expression data compared with the control in Table 1 ; the detailed expression values are shown in Appendixes F and G.
All of the genes except for GhWRKY27 were up-regulated when treated with mannitol, which perhaps because of osmotic stress induced by high molar concentrations (200 mmol L -1 ) of mannitol. GhWRKY59 and 60 were up-regulated by all 6 treatments in roots; GhWRKY102 was up-regulated by the 6 treatments in cotyledons. GhWRKY31, 59, 60, and 102 were up-regulated under ethylene stress in cotyledons.
Discussion
Previous studies revealed some information of WRKY gene family members in G. raimondii and G. arboreum, using high-throughput sequencing methods (Cai et al. 2014; Dou et al. 2014; Ding et al. 2015) . In this study, we comprehensively analyzed group III WRKY genes in G. raimondii, G. arboreum and G. hirsutum, and demonstrated that group III WRKY genes are very important in cotton adaptability and development.
The group III WRKY gene members in cotton
There are 10 group III WRKY members in Populus tricho- Fig. 2 Conserved motif analysis and prediction of group III WRKY proteins. Six conserved motifs of group III GhWRKY, GaWRKY, GrWRKY, and AtWRKY proteins were identified by MEME. The conserved amino acid sequences and relative length of each motif are shown. (He et al. 2012) , 6 in Vitis vinifera (Wang L N et al. 2014) and 31 in Zea mays (Wei et al. 2012) . In this study, we identified 18, 12 and 12 group III WRKY genes in G. hirsutum, G. raimondii and G. arboreum, respectively ( Table 2) . The genome size of G. arboreum (1 746 Mb/1C) is almost twice that of G. raimondii (885 Mb/1C) (Hendrix and Stewart 2005) , while they have approximately the same number of WRKY genes (Table 2) , which may be explained by the insertion of long terminal repeat (LTR) retrotransponsons and expansions in the G. arboreum genome . G. hirsutum is the result of natural hybridization and polyploidy of G. raimondii and G. arboreum. In theory, G. hirsutum should have both progenitors' copies of the targeted WRKY group III genes (12 GrWRKY and 12 GaWRKY), however, there are 18 GhWRKY proteins, and only 17 of these GhWRKY proteins correspond to GrWRKY or GaWRKY proteins (Fig. 1) . These asymmetry numbers of WRKY genes among G. hirsutum, G. raimondii and G. arboreum show the miniature proof for hybridization and polyploidization of G. raimondii and G. arboreum producing G. hirsutum (Paterson et al. 2012 ) and there might have experienced chromosome aberrations in the long evolutionary process.
The Ka, Ks and Ka/Ks ratios of the 17 paralogous gene pairs are lower than 1 indicating that the 17 paralogous gene pairs are under strong purifying selection among these three Gossypium species, which agrees with previous studies (Dou et al. 2014; Ding et al. 2015) . Purification selection usually eliminates deleterious mutations (Rehmeyer et al. 2009 ), therefore the group III WRKY genes may share conserved functions in Gossypium species.
Group III WRKY genes participate widely in cotton development
To alleviate the conflict of demand for cotton and food with limited arable land, breeding for short-season cotton varieties became the focus of breeders. However, short-season cotton usually suffers from premature senescence. Many group III members in A. thaliana participate in regulating leaf senescence. AtWRKY53, 54 and 70 may participate in a regulatory network integrating internal and environmental cues to modulate the onset and progression of leaf senescence, possibly through an interaction with AtWRKY30 (Besseau et al. 2012). We used a short-season cotton cultivar with premature senescence (CCRI10) and a non-premature senescence phenotype cultivar Liao 4086 to detect whether group III GhWRKY genes participate in leaf aging process. The expression level of GhWRKY31 and 102 increased with the aging process and higher expression level in CCRI10 than that of Liao 4086. GhWRKY56 and 59 both down-regulated with cotyledons' aging process, GhWRKY56 has higher expression level in CCRI10 but GhWRKY59 has higher expression level in Liao 4086.
In cotton fiber development process, GhWRKY31, 56, 59, and 102 have hundreds of fold-changes at 20 and 25 DPA; however, these genes increased with the leaf aging process. 20 and 25 DPA represent the process of the secondary cell wall synthesis, and this process is necessary for H 2 O 2 and reactive oxygen species (ROS) to increase to an appropriate concentration (Hovav et al. 2008; Hu et al. 2013) . Both H 2 O 2 and ROS could promote senescence process. Therefore, these genes may share functions in regulating secondary cell wall synthesis and senescence process.
Group III WRKY genes participate in cotton abiotic stresses
SA and JA are two key signal substances in plant defense mechanisms against pathogens, freezing damage, drought, and herbivores (Dong et al. 2014; Moreno and Ballare 2014) . SA as a critical signal mediating defense responses against pathogens, application of exogenous SA can provide protection against abiotic stresses, such as salinity, heat shock and drought stress (Miura and Tada 2014) . Many AtWRKY genes involved in SA and JA mediated biological process. AtWRKY46, 70 and 53 positively regulate basal resistance to P. syringae and SA stress, and they play overlapping and synergetic roles in plant basal defense . Li et al. (2004) reported that AtWRKY70 was likely to be involved in mediating SA-JA crosstalk, and that AtWRKY70 is activated by SA and repressed by JA. In cotton, GhWRKY7, 27, 31, 50, 56, 59, 60 , and 102 could be significantly up-regulated when treated with SA and JA, and these genes implicated potential functions in SA and JA signal pathways.
AtWRKY54 and 70 cooperate as negative regulators of stomatal closure and, consequently, enhanced osmotic stress tolerance in A. thaliana, suggesting that they play an important role in plant defense and abiotic stress signaling (Li et al. 2013). GhWRKY7, 50, 59, 60 , and 102 could be significantly up-regulated by ABA, NaCl and mannitol treatments, these genes may have functions in regulating drought stress. GhWRKY7 and 102 significantly were up-regulated by NaCl and mannitol both in cotyledons and roots, consid- ering the high molar concentrations (200 mmol L -1 ) of NaCl and mannitol, there might exist osmotic stress, and these genes may also involved in osmotic stress. Ethylene regulates plant developmental process, such as seed germination, fruit ripening, leaf senescence, organ prolapse, and response to abiotic stress. Ethylene positively regulates root hair and hypocotyl elongation (Strader et al. 2010) , and plays an important role in regulating cotton fiber elongation . Yang et al. (2014) also demonstrated that ethylene is involved in regulating cotton cell wall-and cytoskeleton-related gene expression. In our work, only GhWRKY31, 59, 60, and 102 could be significantly induced by ethylene stress. During fiber development stages, GhWRKY31, 59, 60, and 102 showed very high expression at 20 and 25 DPA, which represents the stages of active secondary wall synthesis (Bao et al. 2011) suggesting that they are pleiotropic in fiber strength development and ethylene regulatory pathways.
Homologous genes usually share similar function and phylogenetic analysis with A. thaliana help us to predict Table 1 Gene expression patterns under salicylic acid (SA), jasmonic acid (JA), ethylene (Ethy), abscisic acid (ABA), mannitol (Man), and NaCl stresses 1) Gene expression pattern 1) SA Ethy JA ABA Man NaCl
L ++ ++ ++ ++ ++ ++ R ++ + + ++ 1) L, cotyledon; R, root. -, down-regulated, different from the control at a level of P<0.05; --, significantly down-regulated, different from the control at a level of P<0.01; +, up-regulated, different from the control at a level of P<0.05; ++, significantly up-regulated, different from the control at a level of P<0.01. functions of group III GhWRKY genes in G. hirsutum. In this work, we analyzed gene expression patterns at fiber development, leaf senescence process and under abiotic stress including SA, JA, ABA, NaCl, mannitol, and ethylene. However, deciphering the functions of WRKY genes in cotton remains a challenge for future studies.
Conclusion
In G. hirsutum we identified 18 group III WRKY genes, G. raimondii and G. arboreum both have 12. Phylogenetic and motif component analysis indicated that highly similar proteins could cluster together and had the same motifs, thus homologous genes which might have similar biological functions. The Ka, Ks and Ka/Ks were all lower than 1, indicating that group III WRKY genes in these three Gossypium species have been under purification selection. According to expression analysis, GhWRKY31 59 and 102 could be induced by leaf aging process, fiber development and almost all the stresses. In addition, all of the genes except GhWRKY5 could be induced by SA and JA, suggesting that these genes potentially implicated function in basal defense pathways. In conclusion, the results presented here indicated that group III WRKY genes widely participate in cotton fiber development, leaf senescence process and abiotic stresses.
